Nanoscale patterning of the Si(IOO)-2x 1 monohydride surface has been achieved by using an ultrahigh vacuum (UHV) scanning tunneling microscope (STM) to selectively desorb the hydrogen passivation. Hydrogen passivation on silicon represents one of the simplest possible resist systems for nanolithography experiments. After preparing high quality H-passivated surfaces in the UHV chamber, patterning is achieved by operating the STM in field emission. The field emitted electrons stimulate the desorption of molecular hydrogen, restoring clean Si(IOO)-2X 1 in the patterned area. This depassivation mechanism seems to be related to the electron kinetic energy for patterning at higher voltages and the electron current for low voltage patterning. The patterned linewidth varies linearly with the applied tip bias achieving a minimum of < loA at -4.5 Y. The dependence of Iinewidth on electron dose is also studied. For positive tip biases up to 10 V no patterning occurs. The restoration of clean Si(lOO)-2X 1 is suggestive of selective area chemical modifications. This possibility has been explored by exposing the patterned surface to oxygen and ammonia. For the oxygen case, initial oxidation of the patterned area is observed. Ammonia dosing, on the other hand, repassivates the surface in a manner different from that of atomic hydrogen. In both cases the pattern resolution is retained and the surrounding H-passivated areas remain unaffected by the dosing.
I. INTRODUCTION
The scanning tunneling microscope (STM) and related scanned probe microscopy (SPM) techniques are finding new applications in areas such as nanolithography. In this article we discuss the use of the STM to modify Si(IOO) surfaces down to the IO-A size scale. This represents a potential step forward in the effort to push nanofabrication schemes into the sub-O.l-pm regime. To date, a variety of STM -based lithography schemes have been tested, utilizing current, electric field, electron energy, or mechanical force to modify surfaces. I In general. the best resolution is achieved under ultrahigh vacuum (UHV) conditions, where clean surfaces can be prepared and spurious chemical reactions avoided. For SiC III )-7 X 7 surfaces, Avouris and Lyo have developed a technique to extract individual or small clusters of adatoms from the surface by applying voltage pulses to the tip while in tunneling range. 2 These atoms reside on the tip until an opposite polarity pulse deposits them elsewhere on the surface. A similar technique, developed by Aono et al., also uses atom extraction to pattern grooves in the Si(I 1 I)-7x7 surface. 3 We have taken a different approach to achieving nanometer scale resolution in a manner that closely parallels an extrapolation of conventional electron-beam lithography (EBL) down to very low electron energies used with monolayer resists. 4 In our experiments patterning is achieved by operating the STM in field emission to selectively desorb hydrogen from a Si(l00)-2x I:H monohydride surface. The removal of hydrogen is best thought of as a chemical modification, enabling subsequent selective chemistry to be performed in the patterned areas. We have explored this use of hydrogen as a mask by selectively reacting the patterned areas with oxygen and ammonia.
The use of STM to deliberately pattern H-passivated SiC 100) surfaces was first reported by Dagata et al. 5 in which ambient STM lithography was performed on wet chemically passivated silicon surfaces. In their experiments a 1-2 monolayer (ML) thick oxide formed in the patterned areas and linewidths of about 100 nm were achieved. 8 or reactive ion etching,S using the oxide as a mask. In these latter experiments, the tip triggers the anodic oxidation of the silicon surface by the adsorbed ambient species.7.8 The minimum linewidths achieved in these experiments are in the 20-25 nm range.
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Becker et al. 9 and Boland 10 have extended the STM depassivation of silicon into UHY. Becker's group has shown that under careful handling conditions atomic resolution STM images can be obtained in UHV for wet chemically passivated Si( 111)-I X I:H surfaces. 9 Furthermore, they mentioned the ability to depassivate areas as small as 40 A in diameter with the STM tip, resulting in the local conversion of the surface into the Si(I 11 )-2 X I structure. Boland has shown that hydrogen can be desorbed by the STM tip from a Si(I11)-7X7:H surface that has been H passivated under UHV conditions. lo For our studies we have chosen to work with UHV prepared Si(I00)-2X I surfaces. This surface has greater structural and electronic uniformity than the Si( 11 I )-7 X 7 surface as well as being the surface of choice for silicon integrated circuit fabrication.
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II. EXPERIMENT
UHY surface preparation and hydrogen passivation avoids the contamination issues associated with wet chemical processing. Our experiments were performed on borondoped Si( 1 (0) samples (0.1 n cm).11 The clean Si( 100)-2 X 1 surface was prepared by heating the sample to 1250-1300 cC for I min. while maintaining a background pressure below 3 X 10-10 Torr. The STM experiments were performed at a base pressure of 5 X 10-II Torr. Atomic hydrogen for dosing was created by cracking molecular hydrogen with a 1500 "C W filament placed 6 cm away from the sample surface. The cxact atomic hydrogen dose was not measured but was assumed to be proportional to the molecular hydrogen dosc. The UHY chamber was backfilled with I X 10 6 T of He while dosing. Figure I shows a series of STM images comparing an undosed Si( IOO)-2X I surface with surfaces that have been dosed at room temperature using 45-100 L [I L (Iangmuir)= I X 10-1> Torr s] of He' For the 45-and 75-L doses the passivation is incomplete as evidenced by the small white dots associated with the dimer dangling bonds. Unfortunately. increasing the dose to 100 L results in surface etching as seen by the larger white features surrounded by dark rings in Fig. I (d) . It is well known that large atomic hydrogen doses etch both Si(IOO)-2XI and Si(lI))-7X7 surfaces at room temperature. It is also known that this etching can be avoided for the Sit 1(0)-2 X I surface if it is heated to temperatures above 600 K during the dosing procedure. 12 ,13 At higher temperatures only the surface 7T bond of each silicon dimer atom reacts with hydrogen. forming a uniform monohydride surface. Figure 2 shows STM images of a monohydride Si(lOO)-2X I:H surface that was dosed with 1200 L of He at ~650 K. This surface exhibits complete passivation without etching, The snw11 dark spots are missing dimers that are also present prior to H dosing, It has recently been shown that atomic hydrogen dosing of heated (650 K temperature dosing, I~ However. the resultant I X I surface still exhibits many defects indicating imperfect passivation,
The STM used for these experiments is a UHY adaptation of the design developed in our laboratoryl) and equipped with two-dimensional (20) coarse translation of the probe over mm distances. lo An important feature of our STM is its precise sample registry which enables relocation of the same scan area even after the sample has been removed from and then returned to the STM, dc-etched W tunneling probes were used. having typical radii of curvature ranging from 30-150 A, as verified by transmission electron microscope measurements.
17 All of the STM images presented in this article were obtained under constant current scanning conditions, at a current of 0, InA. During STM pattern generation the feedback servo loop is not interrupted and all transitions between patterning and normal scanning conditions are accomplished in a smooth manner, within the servo loop bandwidth. By avoiding abrupt voltage and current transitions highly reproducible results are obtained and damage to the STM probe and surface are avoided. surface 7T-bonded state, increasing the efficiency of electron transfer between the probe and surface. The large white features above the pattern were there before the pattern was written. Those within the pattern are most likely contaminants from the tip that adhere to the clean silicon. The patterned area appears to be completely restored to the clean Si( I 00)-2X I surface, exhibiting the characteristic buckled dimer structure. This is in sharp contrast to the surrounding H-passivated region, where no dimer buckling is observed. We have also performed (dJ/dV)/(I/V) spectroscopy in the depassivated areas, observing the clean surface 7Tb dangling bond peak at -0.8 eY. From our experience with many areal patterns like that of Fig. 3 , we observe no evidence for repassivation of the surface by liberated hydrogen. This supports an associative recombination mechanism in which H, is evolved, as shown previously in thermal desorption studies of hydrogen from the Si(lOO}-2X l:H monohydride surface.
III. RESULTS
IR .
19 Evidence for contamination from the tip is presented in Fig. 4 . After prolonged scanning at negative tip bias over the right half of the Fig. 3(a) area, considerable contamination appears only in the depassivated region of the surface. This contamination effect occurs only for negative tip bias. in support of the fact that adsorbates move in the direction of electron flow as observed by Avouris and Lyo.2
The well-defined pattern boundaries in Fig. 3 are suggestive of finer linewidth patterning. This is demonstrated in Fig. 5 for two series of parallel lines written at a tip bias of -7 V, 0.1 nA, with a line dose of 1 X 10-4 Clem. These lines were spaced on a loo-A pitch and the measured linewidth is 40-50 A. The four horizontal lines in Fig. 5(b) were written on top of the rightmost five vertical lines of Fig. 5 (a}. The line dose used in this case was an order of magnitude less than that used for the Fig. 3 pattern. corresponding to a conversion efficiency for depassivation of 2.3 X 10 6 electrons per removed hydrogen atom. This conversion efficiency is an order of magnitude less than that measured by Becker et al. for the Si( Ill) case suggesting the possibility of a different depassivation mechanism for the Si(l00)-2x I:H surface. Fig. 3 showing tip induced contamination of the right half of the patterned area following prolonged scanning over the right half at negative tip bias. patterning across step edges is no different than from the terrace regions. Second, there is spurious depassivation between the lines as evidenced by the individual depassivated Si dimers adjacent to the patterned lines. This effect is most likely due to electrons that are field emitted from regions of the tip other than the primary apex. In Fig. 5(b) there is a faint line ~ 100 A below the bottom patterned horizontal line which may be due to spurious depassivation from a second tip apex which is farther from the surface.
The details of the depassivation mechanism have yet to be resolved, however it seems possible that depassivation occurs when the field emitted electron kinetic energy exceeds the Si-H bond strength, E Si _ H =3.5-3.8 ey'
19 For the 3-4 eV barrier heights that we measure for our tips, depassivation should initiate at tip biases between -6.5 and -7.5 V, assuming an ideal trapezoidal barrier shape. We have examined the depassivation threshold by performing a series of experiments in which patterns were written at different tip biases while the current and dose were maintained at 0.1 nA and 1 X 10-4 Clem, respectively. From these experiments the threshold voltage for depassivation was observed to range between -5.5 to -6.5 Y. The fact that the observed thresh- old is lower than the ideal case might be consistent with a more realistic nontrapezoidal barrier shape. A better understanding of the depassivation mechanism awaits further experiments and associated theoretical treatments. In all cases, we only observe depassivation when the tip is biased negative with respect to the sample, supporting the hypothesis that electron energy plays the key role. Positive tip biases up to 10 V have no effect on the surface in our experiments.
The patterned linewidth has also been studied as a function of electron dose and writing voltage. Figure 6 shows a log-log plot of line width (L".) vs electron dose (D) for tip biases of -6, -7, and -8 V. The linear behavior indicates a power law dependence of the form L.,.=aDI>. Analysis of the data gives the prefactors and exponents listed in Table I . The larger exponent for the -6-V case seems at first counterintuitive when considered in the context of the enhanced field emission and larger electron kinetic energy at higher voltages. One possible explanation for this can be seen from ing that the electron flux decreases with increasing radius from the tip axis. Another effect that we observe is a decrease in the depassivation threshold voltage with increasing patterning current. Figure 8 shows two patterns written at -4.5 V, 2.0 nA, and a line dose of 2X 10-3 Clcm. In Fig. 8(a) the lines are spaced on a 30-A pitch and in Fig. 8 (b) they spell "UI ONR URI."
The average linewidth in Fig. 8 is ~ 10 A and in Fig. 8(a) depassivation is observed along individual dimer rows. At present it appears that two separate physical mechanisms may account for the depassivation that we observe. At higher electron energies, the direct interaction of the field emitted electrons with the Si-H bond may break the bond liberating hydrogen. At low electron energies, however, depassivation only occurs for at high electron currents. This is suggestive of the vibrational heating model recently proposed by Avouris et al. 2o In this model the Si-H harmonic oscillator absorbs energy from the electron current. Since the Si-H excited state lifetime is greater than I ns, considerable heating can occur for currents in the nA range, thereby leading to local thermal depassivation. This would explain the much higher doses needed for the patterning in Fig. 8 as compared to that in Fig. 5 . This mechanism is also be consistent with the lo-A linewidth observed in Fig. 8 for patterning at -4.5 V, which is very near the transition from tunneling to field emission for a p-type Si sample. To the extent that the current is by tunneling, the lateral resolution should be constrained to near atomic dimensions. The detailed nature of the depassivation mechanism awaits further experiments and theoretical analysis.
The above described depassivation procedures restore the clean Si(lOO)-2X I surface, suggesting numerous possibilities for selective chemical modification. We have explored two of these possibilities by studying the selective reaction of oxygen and ammonia with patterned Si(100)-2X I:H surfaces. The goal of these dosing studies is to eventually create thin oxide and nitride layers as functional regions of nanoscale devices or to serve as etch masks for pattern transfer purposes. In these experiments the sample is dosed in the STM after the tip is retracted several hundred A and the bias turned off. Figure 9 shows a comparison of a pattern of 80-A-pitch parallel lines before and after exposure to 100 L of O 2 , It is clearly evident that the patterned lines are affected by oxygen exposure, appearing irregular along their length when compared to the freshly depassivated lines. It is important to note that the hydrogen passivation is impervious to O 2 dosing and that the patterned linewidth remains unchanged after oxygen exposure. Figure 10 shows a patterned area be- fore and after a 2-L NH, dose. The ammonia repassivates the clean Si(I00)-2x I, giving rise to a somewhat granular region when compared to the surrounding H-passivated surface. It is known that NH, dosing results in Hand NH2 fragments decorating the surface dangling bonds.
21 Close examination of NH3 treated areas such as Fig. lO(b) show white features that appear to be unpassivated, a node through the center of the dimer in filled state images. and asymmetry in many of the dimers. The node has been observed previously in STM images by Hamers et at. for NHrdosed Si(l 00)-2 X I surfaces. 22 The asymmetry may be si~ilar to the dimer buckling observed for clean Si(l 00)-2 X I surfaces or it may result from different imaging conditions for the H and NH2 adsorbed sites.
IV. CONCLUSION
This article demonstrates that STM patterning of the SiOoo)-2X I:H monohydride surface can be accomplished with nanometer scale resolution. The patterning results from the electron stimulated desorption of molecular hydrogen which leaves behind clean Si( 100)-2 X I. The patterned linewidth exhibits a power law dependence on electron dose, over the limited dose range studied, and a linear dependence on tip bias. Selective chemistry has also been demonstrated by O 2 and NH, dosing of the patterned areas. In both cases, the reaction is constrained to the patterned area. This bodes well for potential uses of this patterning scheme in the fabrication of nanoscale electronic devices. Another key factor is that the STM patterning depends on electron energy, indicating the compatibility of this technique with other lowenergy electron-beam delivery systems.
